Gauge R&R: An Effective Methodology for Determining the Adequacy of a New Measurement System for Micron-level Metrology by Hoffa, David W. & Laux, Chad M.
Agricultural and Biosystems Engineering
Conference Proceedings and Presentations Agricultural and Biosystems Engineering
10-2007
Gauge R&R: An Effective Methodology for
Determining the Adequacy of a New Measurement
System for Micron-level Metrology
David W. Hoffa
Accumold
Chad M. Laux
Iowa State University
Follow this and additional works at: http://lib.dr.iastate.edu/abe_eng_conf
Part of the Agriculture Commons, Bioresource and Agricultural Engineering Commons, and the
Industrial Engineering Commons
The complete bibliographic information for this item can be found at http://lib.dr.iastate.edu/
abe_eng_conf/347. For information on how to cite this item, please visit http://lib.dr.iastate.edu/
howtocite.html.
This Conference Proceeding is brought to you for free and open access by the Agricultural and Biosystems Engineering at Digital Repository @ Iowa
State University. It has been accepted for inclusion in Agricultural and Biosystems Engineering Conference Proceedings and Presentations by an
authorized administrator of Digital Repository @ Iowa State University. For more information, please contact digirep@iastate.edu.
NAIT 2007 Selected Papers • 139
Gauge R&R: An Effective Methodology for 
Determining the Adequacy of a New Measurement 
System for Micron-level Metrology 
Dr. David W. Hoffa, CSIT
Quality Engineer, Accumold, Ankeny, IA 50021-9412, (515) 964-5741, dhoffa@accu-mold.com 
Mr. Chad Laux, CSIT
Dept. of Agriculture and Biosystems Engineering, Iowa State University, Ames, IA 50014, (515) 294-6358, claux@iastate.edu 
Introduction
To compete in a global marketplace, manufacturers are increasingly turning to advanced manufacturing techniques to increase 
productivity and gain a competitive advantage.  This trend requires management to be able to make decisions based on proper 
quantitative analysis of data.  In the manufacturing process, control of variation with an increasingly high degree of precision 
demands an improved degree of measurement effectiveness.  Measurement Systems Analysis (MSA) is a collection of statistical 
methods (which includes the Gauge Repeatability and Reproducibility study) for the analysis of measurement system capability 
(Automotive Industry Action Group [AIAG], 2002; Smith, McCrary, & Callahan, 2007). 
Accumold�, a highly specialized, high-tech manufacturer of injection molded lead-frame and small- and micro-scale plastic parts, 
has realized a need for an improved measurement system as a result of customer demands for ever-smaller part features with 
increasingly tight tolerances.  Speciﬁ cally, Accumold must meet a new customer demand for a critical-to-function feature of a 
difference of 10 ± 2 microns (394 ± 79 millionths of an inch) between two adjacent step heights.  This particular customer also 
demanded that a Gauge Repeatability and Reproducibility study be performed and the result of the accompanying precision to 
tolerance ratio (P/T) exhibit less than 30% error, per standard MSA techniques (AIAG, 2002; Smith, McCrary, & Callahan, 2007). 
For illustration’s sake, let us ﬁ rst consider the requirement of 10 ± 2 µm.  The thickness of a human hair is approximately 90 µm; 
therefore, not only is this speciﬁ cation asking Accumold to injection mold features into plastic parts which are 1/9th the thickness of a 
human hair, they are also demanding that Accumold maintain total tolerance on that feature equivalent to the thickness of one sliver 
of a human hair which has been split along its length 22 times!
Review of Literature
Measurement Systems Analysis 
Deming once stated that knowledge of variation was one of the most powerful tools a company could apply in the quest for 
improvement (Joiner & Gaudard, 1990).  Because variation is inherent in a process and is unpredictable, strategies to minimize 
variation are common in manufacturing (McGhee, 1985; MacKay & Steiner, 1997).  Understanding the individual components of 
process variation (measurement system variation, in particular) is critical to this process because the reduction of process variation 
requires the ability to discriminate between process variation and measurement variation (Ishikawa, 1982; Juran, 1990; Persijn 
& Nuland, 1996).  Measurement Systems Analysis (MSA) is based on the philosophy that measurement error masks true process 
capability; therefore, it is performed prior to any process improvement activities in order to quantify and minimize the measurement 
error (Harry & Lawson, 1992).  Indeed, popular quality improvement programs such as Six Sigma utilize managing for measurement as 
a major analysis activity (Antony, Kumar, & Tiwari, 2005; Goffnett, 2004; Harry & Lawson, 1992; Horel, 1998; Hu, Barth, & Sears 2005; Pan, 
2006).  Whereas Balano’s (1994) survey of quality professionals determined that containing measurement variation was the primary 
responsibility of quality managers in the manufacturing environment, there appears to be a gap between the knowledge and 
practice of measurement studies and the actual deployment of measurement improvement techniques in organizations with formal 
quality management programs (Smith, McCrary, & Callahan, 2007).
AIAG (2002, p. 5) describes a measurement system as “a collection of instruments or gauges, standards, operations, methods, 
ﬁ xtures, software, personnel, environment, and assumptions used to quantify a unit of measure or the complete process used to 
obtain measurements”.  MSA quantiﬁ es measurement error through the examination of multiple sources of variation in a process, 
including the variation resulting from the measurement system, from the operators, and from the parts themselves (AIAG, 2002, 
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2005).  The components of measurement system variation include bias, stability, repeatability, and reproducibility, where bias is the 
difference between a measurement and a reference value; stability quantiﬁ es a change in bias over time; repeatability is the variation 
of measurements due to instrument error (also known as precision); and reproducibility is the variability resulting from external 
sources such as operators and their unique techniques, setups, and environmental ﬂ uctuations over time (AIAG 2002; Engel & De 
Vries, 1997; Smith, McCrary, & Callahan, 2007).  A Gauge Repeatability & Reproducibility (GR&R) study estimates the repeatability 
and reproducibility components of measurement system variation with the primary objective of assessing whether the gauge is 
appropriate for the intended application (AIAG, 2002; Burdick, Park, & Montgomery, 2005).  Assessing the suitability of the examined 
measurement systems using the GR&R study was the primary goal of this paper.
Gauge Repeatability & Reproducibility 
GR&R is a well-covered topic in the literature (AIAG, 2002; Burdick, Borror, & Montgomery, 2003; Dolezal, Burdick, & Birch, 1998; Goffnet, 
2004; Montgomery & Runger, 1993a, 1993b; Pan, 2004, 2006; Persijn & Nuland, 1996; Smith, McCrary, & Callahan, 2007; Vardeman & Job, 
1999).  Though a detailed description of GR&R is beyond the scope of this paper, a brief review of the application is appropriate.  
Repeatability can be determined by measuring a part several times, effectively quantifying the variability in a 
measurement system resulting from the gauge itself (AIAG, 2002; Smith, McCrary, & Callahan, 2007; Pan, 2006).  This can also be 
thought of as “within operator” variability (Smith, McCrary, & Callahan, 2007).  
Reproducibility 
  
is determined from the variability created by several operators measuring a part several times each, 
effectively quantifying the variation in a measurement system resulting from the operators of the gauge and environmental factors 
such as time (AIAG, 2002; Burdick et. al, 2003; Pan, 2006; Tsai, 1989).  This can also be thought of as “between operator” variation (Smith, 
McCrary, & Callahan, 2007; Pan, 2004).  
“Total Gauge R&R” ( ) is the estimate of the combined estimated variation from repeatability and reproducibility (AIAG, 2002).  
Total measurement system variation is the sum of the variation of Total Gauge R&R  ( ) with part-to-part variation ( ) : the 
variability of the individual pieces) (AIAG, 2002; Pan 2006).  
Statement of the Problem
As a result of customer demands for ever-smaller injection molded plastic part features with increasingly tight tolerances, 
Accumold(r)’s pre-study metrology capabilities had been exceeded, creating the need for a more capable measurement system.
Purposes
This study served two purposes: ﬁ rst, to identify a new measurement system capable of providing Accumold with three axes of 
repeatable, reliable, automatable measurements of precision, injection molded plastic parts with engineering tolerances as tight as 
± 2 µm; and second, to illustrate the practicality of the GR&R study as a decision making tool for Industrial Technology students and 
practitioners.
Methodology
The main statistical analysis tool utilized in this study, to determine the suitability of a measurement system for measuring micro-
scale features on injection molded plastic parts with engineering tolerances as tight as ± 2 µm, was the ANOVA-based GR&R study as 
provided by the “Gage R&R study (crossed)” module in Minitab release 13.32 (2000).  
Ten parts, three operators, and three trials are typical study designs for both ANOVA and average and range methods (AIAG 2002), but 
Burdick et al. (2005) state that traditional designs are not sufﬁ cient to discriminate between good and bad parts and recommend a 
minimum of six operators.  Pan (2004) states that the total number of measurements should be determined ﬁ rst based upon cost and 
subsequently, by determining the combination of operator and replicates.  Time constraints mandated smaller studies involving fewer 
operators than recommended by Burdick et al. (2005) for the tests discussed here.  
Precision to tolerance ratio or P/T ratio (also known as Gauge Capability Ratio, study variance to tolerance ratio, et al.) compares 
the precision of the measurement system to the total tolerance on the dimension in question (Minitab performs this computation 
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and places the result in the “Total Gage R&R” row under the “% Tolerance” column).  It can be used to determine the suitability 
of a measurement system for the application (Minitab, 2000; Pan, 2006).  According to AIAG (2002), if the P/T is under 10%, the 
measurement system is acceptable; if between 10% and 30%, a measurement system “may be acceptable based upon the 
importance of application” and the associated expenses (p. 77); and if over 30%, the measurement system is considered unacceptable.
Based on expected customer demands, Accumold was requiring an ANOVA-based GR&R study with a resulting P/T less than 30% 
and a minimum of two distinct categories (see Findings section) in order to consider a measurement system suitable for purchase.  
Provided by Minitab (2000) and recommended by AIAG (2002), the “number of distinct categories” (also known as classiﬁ cation 
ratio), is computed by dividing   by    , multiplying by 1.41, and rounding down to the nearest whole number (AIAG, 2002; 
Wheeler & Lyday, 1989).  AIAG (2002) states that if the measurement system resolves less than two distinct categories, the data is all 
noise – the system is of no value; two distinct categories divide the data into high and low groups, essentially reducing the variable 
data to attribute data; and the measurement system is adequate if the number of distinct categories is greater than or equal to ﬁ ve 
(AIAG, 2002, p. 117).
Four measurement systems from three vendors were deemed potential candidates for satisfying Accumold(r)’s requirements and 
were tested.  Two of the tested systems were immediately discarded from the pool of possible candidates after failing to meet the 
minimum speciﬁ cations of this study, leaving the two multi-sensor systems discussed hereafter as possibilities. 
Multi-sensor Measurement Systems
The Multi-sensor systems were essentially live video microscopes with three powered axes, zoom lens, and available laser, white 
light confocal, and contact measurement probes.  The laser probe was used for the critical Z-axis measurements and X-Y plane 
measurements (the width between two through-holes) were gathered with the camera system.  
Two separate GR&R studies were conducted on two different multi-sensor base platforms, both using the identical laser probe (the 
design of the probe allows for its removal and installation on any machine equipped for its use) – these will be called “Multi-sensor 
A” and “Multi-sensor B”.  The two base systems use the same software and differ in terms of appearance and degree of precision (the 
second system is more accurate and repeatable than the ﬁ rst according to sales literature), but they were functionally identical.  This is 
discussed in full detail in the Findings section.  
Findings
Multi-sensor A
This test was conducted using 10 parts, two operators, and two trials (40 measurements in total – an abbreviated design due to time 
constraints).  The P/T for this study was 14.65%, less than half of the 30% maximum (see Table 1); however, the system was only able 
to resolve one distinct category, which is to be interpreted as the system having no value for measuring these parts – but was this 
the really the case?  The sample used for this test was comprised of 10 parts gathered at one time from a single cavity of a four cavity 
mold; since Accumold is conﬁ dent in the repeatability of their processes (for example, the lead author measured a 20-piece, random 
sample of a different product taken from a single lot with the customer-supplied gauge pin measurement system and found zero 
variation in the feature at the micron scale), it was possible that these parts were actually too similar for the system to differentiate 
between them.  
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Table 1. Gage R&R for Multi-sensor A, Z-height
Multi-sensor B
To clear up the ambiguity of the ﬁ rst Multi-sensor test, Accumold gathered a second sample comprised of 10 parts gathered from 
each of the four mold cavities across three months of production “retains” to capture a potentially broader range of the process 
variability (AIAG, 2002; Burdick et al., 2003; Pan, 2004, 2006) and conducted a second GR&R study with the typical study design (10 
parts, three operators, and three trials – 90 measurements in total).  After much discussion, it was also decided that two of the 10 parts 
would come from a prior revision of the mold where the nominal difference between step heights was 14 µm; the justiﬁ cation for 
this was that their inclusion in the sample would provide upfront certainty that there were indeed two distinct categories of parts; 
therefore, another result of one distinct category could be accepted as accurate and the system could be deemed unsuitable.  Since it 
was also determined (based on sales literature) that the Multi-sensor A system was a step down from the current video measurement 
system capabilities, the manufacturer’s highest-performing base system (again, with the same laser probe) was used.
The results of the second test of the step height feature (see Table 2) revealed a P/T of 10.47% (approximately 4% lower [a 29% 
improvement] than Multi-sensor A).  The majority of this difference is most likely attributable to the larger data set since both 
systems used the identical laser probe.  Seventy-four distinct categories were resolved, which can be interpreted as highly capable of 
differentiating parts from each other, and is the result of having two orders of magnitude larger than .  Since AIAG (2002) 
states that a measurement system must resolve only ﬁ ve distinct categories to be considered acceptable, these results indicate that 
this system is suitable for use in measuring this critical feature.
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Table 2. Gage R&R for Multi-sensor B, Z-height (full sample)
Since there was some doubt concerning the validity of including two intentionally different parts in the sample, they were removed 
from the model and the analysis was repeated on the remaining eight parts from the same mold revision (see Table 3).  The P/T 
increased slightly to 11.40%, which is likely attributable to the smaller sample.  Twelve distinct categories were resolved – while this is 
certainly a much smaller value than when using the full sample, it is still more than double the AIAG-speciﬁ ed value of ﬁ ve.
Table 3. Gage R&R for Multi-sensor B, Z-height (adjusted sample)
For the width between the centers of the through-holes on either end of the part (again, measured using the camera system – not 
the laser probe) for all 10 parts, the P/T was revealed to be 24.89% (marginally below the 30% maximum) and 16 distinct categories 
were resolved (see Table 4).  With the two “old revision” parts discarded, the P/T increased slightly to 26.31% and the number of 
distinct categories decreased slightly to 12 (refer to Table 5).  Although these results are approaching the cutoff mark at 30%, 
Accumold believes that these values will improve with additional testing and options (the test system was not equipped with the 
high-resolution, monochromatic optics, which Accumold intends to purchase).
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Table 4. Gage R&R for Multi-sensor B, Width (full sample)
Table 5. Gage R&R for Multi-sensor B, Width (adjusted sample)
Implications
The outcomes of this study have direct implications for Accumold and more general implications for the ﬁ eld of Industrial Technology. 
The immediate implications of this research are the improved measurement capabilities for Accumold(r).  The results of this research 
have successfully identiﬁ ed a new measurement system that will allow Accumold to ensure measurement validity on injection 
molded plastic part features with engineering tolerances as tight as ± 2 µm.  
In broader terms, this research demonstrates the practicality of the GR&R study as a decision-making tool; in this instance, to aid 
management in making a sound decision in the purchase of a new measurement system with a prescribed degree of precision.  This 
statistical tool can be applied to any measurement system from the most advanced multi-sensor system to the simplest measuring 
stick.  It can be used to establish a baseline of precision of a given process’s measurement system, or to quantify a suspected 
inadequacy in a measurement system so that the process of identifying a new measurement procedure or system can begin.  
Recommendations and Discussion
The practitioners’ knowledge of the appropriate MSA techniques allowed Accumold to learn about the appropriateness of several 
highly technical measurement systems for their unique needs in a novel, scientiﬁ c way.  Callahan, Amos, and Strong (2004) indicated 
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the importance of industrial technology professionals possessing knowledge and skills in metrology and MSA techniques, and this 
paper corroborates that assertion – as the complexity of manufacturing processes continues to grow, individuals who can solve 
problems and make decisions based on quantitative methods such as MSA will become increasingly valuable to such organizations 
as the metrological demands of their customers change (Smith, McCrary, & Callahan, 2007).
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